There are focal areas in the aorta wtth an enhanced endothelial permeability to macromolecules, as indicated by the focal uptake of the proteln-blndlng azo dye Evans blue In vivo. These areas exhibit high rates of endothelial cell turnover and a number of structural characteristics In en face endothelial morphology. To determine the relationship of endothelial cell death to macromolecular leakage at the level of individual endothelial cells, thoracic aortas of 12 adult male Sprague-Dawley rats were studied at 3 to 5 minutes after Intravenous administration of Evans blue-albumin ( 1 In previous studies, 2 -5 we demonstrated that an extremely high percentage of dividing endothelial cells in the mitotic M phase exhibited junctional leakage to macromolecules, i.e., 91 % for Evans blue-albumin (EBA) and 78% for Lucifer yellow-tow density lipoprotein (LY-LDL), but these mitotic endothelial cells with tracer leakage contributed to only 23% of all EBA leaky foci and 42% of all LY-LDL leaky foci. Thus, mitotic endothelial cells alone cannot explain all the macromolecular leaks observed in the aorta.
L eaky endothelial junctions occurring during cell turnover have been postulated as major pathways for enhanced macromotecular transport across the endothelium. 1 In previous studies, 2 -5 we demonstrated that an extremely high percentage of dividing endothelial cells in the mitotic M phase exhibited junctional leakage to macromolecules, i.e., 91 % for Evans blue-albumin (EBA) and 78% for Lucifer yellow-tow density lipoprotein (LY-LDL), but these mitotic endothelial cells with tracer leakage contributed to only 23% of all EBA leaky foci and 42% of all LY-LDL leaky foci. Thus, mitotic endothelial cells alone cannot explain all the macromolecular leaks observed in the aorta.
A small, but significant, fraction of endothelial cells can be found to undergo turnover in normal rat aortic endothelium. 8 Studies by Hansson et al. 6 have shown that endothelial cell death and replication are topographically clustered phenomena. There seems to be a spatial association between clusters of dead endothelial cells and clusters of replicating endothelial cells. The codistribution of dead and replicating cells in the aortic endothelium suggests that, in adult animals, the role of endothelial cell replication is to replace dead cells. Timelapse video microscopy on confluent cultures of the endothelium by Hansson and Schwartz 7 has shown that the dead endothelial cells will detach and eventually slough off from the endothelial monolayer. Migration and/or replication of surrounding viable endothelial cells will rapidly undermine the detaching dead cells and cover the area to be evacuated with little or no exposure of the subendothelium. During this turnover process, however, junctional complexes around the dead endothelial cells will have to be disrupted first and after the dead cells have been replaced by neighboring or new endothelial cells, new junctions will have to be reformed. Thus, during the process of cell death and replacement, cell junctions should become leaky, although transiently, to macromolecules in the same manner as that found for mitotic endothelial cells. 23 Endothelial cell injury or death, with or without denudation, has been shown to occur at a significantly greater frequency in areas of the aorta with enhanced endothelial permeability as demarcated by their uptake of Evans blue. 8 The present study was designed to evaluate the relationship between macromolecular leakage and endothelial cell death at the level of Individual endothelial cells in the rat aorta. Using en face preparations, EBA permeability was determined at 3 to 5 minutes after its intravenous administration. Dying or dead endothelial cells were detected and quantified by indirect immunocytochemistry.
Scientific, Sprinfield, NJ) to 10 ml of a solution of 200 mg/ml of bovine serum albumin in 0.85% NaCI. 9 The EBA solution was purified by passing through a Sephadex G-25M column with 0.85% NaCI as an elutant and a final volume of 20 ml. Apparently all of Evans blue was conjugated to bovine serum albumin, which was verified by the precipitation of EBA conjugate by trichloroacetic acid (TCA), leaving the supernatant colorless.
Animal Experiments
Twelve adult male Sprague-Dawley rats with an averaged body weight of 340 g were used in this study. The experiments were performed under pentobarbital anesthesia (30 mg/kg i.p.). The right femoral artery and the left femoral vein were cannulated with 22-gauge needle catheters, by using PE 50 polyethylene tubing. In five animals, the right carotid artery was also cannulated with a 20-gauge needle catheter (PE 90 polyethylene tubing) and was connected to a pressure reservoir set at a physiological pressure of 100 mm Hg. The needle catheter placed in the femoral vein was used for intravenous injection of the macromolecular tracer, and the needle catheters placed in the femoral artery and vein both served later as the egress routes for perfusion. A total of 2 ml of EBA solution was slowly injected into the left femoral vein. At 3 to 5 minutes after EBA injection, an overdose of pentobarbital was given. Shortly before the euthanasia of the animal, heparin (1000 USP units) was injected intravenously through the femoral vein catheter to prevent intravascular blood coagulation.
In rats without carotid artery cannulation, the chest was opened before euthanasia to expose the heart, and a 22-gauge needle catheter was placed in the left ventricle via cardiac puncture and was connected to a 100 mm Hg pressure reservoir. The arterial system was perfused immediately with a heparinized saline solution via the left ventricular needle catheter until the emergence of clear fluid from the egress sites (approximately 10 seconds). The perfusate was then switched to 10% formaldehyde, which was perfused at the same pressure for 10 minutes for preliminary perfusion fixation. In rats with carotid artery cannulation, the same procedure of perfusion fixation was performed via the right carotid artery instead of the left ventricle, also at a pressure of 100 mm Hg. With the use of a manifold perfusion system, special care was taken to maintain the perfusion pressure at the desired level throughout the perfusion fixation procedure.
After perfusion fixation, the entire aortic arch and thoracic aorta were excised between the aortic root and the diaphragm. Care was taken during removal of the vessel specimen to avoid artifacts induced by experimental manipulation. The cane-shaped aortic specimen was immersed in 10% formaldehyde for 1 hour before processing for detection of dead endothelial cells.
Methods for Detecting Dying or Dead Endothelial Cells
The indirect immunoglobulin G (IgG) immunocytochemistry developed by Hansson and Schwartz 67 was used as a quantitative method for identifying dying or dead endothelial cells in the aortic endothelium.
Reagents
The IgG antibodies used in the present study were goat anti-rat IgG, and fluorescein isothiocyanate (FITC)-or horseradish peroxidase (HRP)-conjugated rabbit anti-goat IgG, which were purchased from Sigma Chemical, St. Louis, MO. The 1 ml vial of goat anti-rat IgG was reconstituted to a 1 ml solution with distilled water. These antibodies were used at optimal dilutions of 1M000. Dilutions were in phosphate-buffered saline (PBS, NaC1120 mmol/l, KCI 2.7 mmol/l, in phosphate buffer 10 mmol/l, pH 7.4 at 25° C [Sigma]) containing 1% ovalbumin (Sigma).
Preparation of Aortic Tissue for Indirect Immunocytochemistry
After 1 hour of immersion in 10% formaldehyde, the adventitial tissue was carefully removed with a fine forceps under a dissecting microscope. The thoracic aorta was excised and cut open longitudinally along the ventral surface. The aortic specimen was dissected into six pieces. To make the en face preparation, each aortic piece was pinned with the endothelial side up onto a dental wax plate and was rinsed four times (15 minutes each) with PBS. Four aortic pieces were incubated with goat anti-rat IgG at a dilution of 1 : 1000 in PBS containing 1% ovalbumin for 90 minutes. Two aortic pieces were used as controls and were incubated in PBS containing 1% ovalbumin without goat anti-rat IgG for 90 minutes. After the first incubation, the aortic pieces were rinsed three times (10 minutes each) with PBS. These four anti-rat, IgG-incubated pieces and two control aortic pieces were then equally divided into two groups. Both groups were incubated for 90 minutes with rabbit antigoat IgG at a dilution of 1 MOOO in PBS containing 1 % ovalbumin; in one group the IgG was FITC-conjugated, and in the other group the IgG was HRP-conjugated. After this second incubation, the aortic pieces were rinsed three times for 10 minutes each with PBS. Visualization of HRP was achieved by a modification of the method described by Grahan and Karnovsky 10 : The aortic specimens, which had been treated with HRP-conjugated rabbit anti-goat IgG, were first incubated for 15 minutes in 0.5 mg/ml diaminobenzidine (DAB) in 50 mM Tris buffer, pH 7.6, and then for 3 minutes in the same solution containing 0.02% hydrogen peroxide. After repeated rinsing with PBS, the aortic specimens were immersed in 10% formaldehyde overnight before hematoxylin staining and viewing under a fluorescence microscope.
Quantitatlon of IgG-containing Dying or Dead Endothelial Cells
FITC-or HRP-stained IgG-containing endothelial cells were identified and counted on en face preparations of the thoracic aorta under a fluorescence microscope with a x 20 objective and a x 10 eyepiece. The distribution of these IgG-positive dying or dead endothelial cells was mapped as a function of topographic locations in the aorta and was correlated with the distributions of mitotic endothelial cells (hematoxylin staining) and of macromolecular leakage (EBA fluorescence).
Criteria for Identifying Mltotlc Figures and IgG-contalnlng Dead Endothellal Cells
In our studies, the M cells referred specifically to the cells in the M phase of the cell cycle when nuclear chromatids showed characteristic features as identified by hematoxylin staining. The frequency of cell mitosis (M index) was defined as the percentage of M cells found in a population of endotheliaJ cells (aortic segment) being scanned. With hematoxylin staining, different stages of endotheliaJ cell mitosis (the M phase) in en face preparations of the aorta were identified according to the following morphological criteria 11 Cells with condensed chromosomes and intact nuclear envelopes were defined as being in the prophase. Cells with chromatids aligned at a metaphase plate halfway between the poles and without nuclear envelopes were defined as being in the metaphase. Cells with separated chromatids being pulled toward the poles were defined as being in the anaphase. Cells with chromatids clustered at each pole, a contractile ring creating a cleavage furrow, and reformed nuclear envelopes were defined as being in the tetophase. Cells with brown-stained cytoplasm and normalshaped or pyknotic nuclei were defined as HRP-stained IgG-containing dying or dead endotheliaJ cells.
Fluorescence Microscopy
A Nikon epi-fluorescence microscope (Microphot-FX) equipped with a diascopic phase-contrast attachment was used to study the distribution of the fluorescence tracers in the vessel wall. The fluorescence of EBA was studied with a combination of an excitation filter at 450 to 490 nm, a dichroic mirror at 510 nm, and a barrier filter at 520 nm, or alternatively, with a combination of an excitation filter at 510 to 516 nm, a dichroic mirror at 580 nm, and a barrier filter at 590 nm. FITC fluorescence was studied with an excitation filter at 450 to 490 nm, a dichroic mirror at 510 nm, and a barrier filter at 520 nm. Color slides were made with Kodak Ektachrome P800/1600 professional color reversal films 5020 for photomicrographs.
Results
The entire endotheliaJ surface of each aortic segment was systematically scanned under a fluorescence microscope. The number of endothelial cells scanned was determined by dividing the total endotheliaJ surface area of each aortic specimen by the average surface area of a single endothelial cell, which was found to be 520 /im 2 . In the present study, two different variants of indirect IgG immunocytochemistry were used for the detection of dying or dead endotheliaJ cells: immunoperoxidase and immunofluorescence. Basically, the procedures and the techniques were the same for these two variants. The only difference was the labeling probes on the second antibody, that is, the rabbit anti-goat IgG; the conjugation was made with either HRP or FITC. All HRP-or FITCstained IgG-positive endothelial cells in each aortic segment were identified and counted. No differences in results of identification of IgG-containing endotheliaJ cells with these two kinds of conjugates were observed. Hence, the results obtained from using these two types of probes were combined in the present study. Table 1 shows the correlation between EBA leakage and IgGcontaining dying or dead endotheliaJ cells in the thoracic aortas of 12 rats. The average number of endotheliaJ cells scanned per rat was 1.53 x 10 s . The average frequency of the endotheliaJ cells containing cytoplasmic IgG was found to be 0.48% in these 12 rats. There were differences among individual rats, suggesting that the frequency of cell death varies among normal rats. Although endotheliaJ cell death is uncommon in the normal rat aortic endothelium, a high percentage (63%) of the IgG-containing dying or dead endotheliaJ cells was found to be associated with EBA leaky foci. Unlike M endotheliaJ cells, which usually exist alone, 2 -3 dying or dead endothelial cells were often observed in clusters. Both single and clustered IgG-containing endotheliaJ cells were found to be associated with EBA leakage, and 37% of all EBA leaJ<y foci was contributed by these dying or dead endotheliaJ cells. When compared to M endotheliaJ cells (data obtained from a total of 39 rats, 5 including 12 rats in the present study), a lower percentage of dying or dead endotheliaJ cells exhibited EBA leakage, as shown in Table 2 . Due to the higher frequency of endotheliaJ cell death than M, however, these dying or dead endotheliaJ cells with EBA leakage accounted for a higher fraction of total EBA leaky foci than the mitotic endotheliaJ cells. In some cases, IgG-containing dying or dead endotheliaJ cells were found directly attached or close to M endothelial cells, and both types of cells were located in the same EBA leaky foci. In this study on the thoracic aorta of normal rats, naturally occurring endothelial denudation, with or without adjoining IgG-containing endotheliaJ cells, was aJso found to be present and associated with EBA leakage.
In the present study, two aortic pieces from each rat were used as controls by omitting the goat anti-rat IgG In the first incubation to ensure that the observed FITC fluorescence was not autofluorescence and that the observed brown reaction product of HRP was not an artifact. We also carried out control experiments, which showed that the addition of goat IgG gave the same results as in experiments without goat IgG. Under the fluorescence microscope, EBA leakage in the aortic wall appeared either as discrete spots, as shown in Figure 1 , or as larger areas. With hematoxyiin staining, an HRP-stained (dark brown) IgG-containing endothelial cell with pyknotic nucleus is clearly distinguishable from the surrounding intact endothelial cells in a regular bright-field microscope, as shown in Figure 2A . With the aid of fluorescence microscopy, this IgG-positJve dead endothelial cell was found to exhibit EBA leakage, as shown in Figure 2B . Figure 3A shows a cluster of HRP-stained (dark brown) IgG-positive endothelial cells located in an EBA leaky focus (orange area) as seen by fluorescence microscopy of an en face preparation of the thoracic aorta without hematoxytin staining. With hematoxyiin nuclear staining, individual IgG-containing endothelial cells can clearly be seen in the same area wtth bright-field microscopy, as shown in Figure 3B . Two FITC-stained (yellowish) IgGcontaining endothelial cells are shown in Figure 4 , with each dead endothelial cell corresponding to an EBA leaky spot (orange area). An EBA-stained area was often found close to the orifice of an intercostal artery, and a cluster of IgG-containing endothelial cells was co-located with this EBA leaky focus.
Discussion
Based on the assumptions that living, undamaged cells are impermeable to certain dyes and that injured or dead cells do stain, dye exclusion tests with a number of dyes, for example, Evans blue orTrypan blue, have been used for evaluating the viability of cells. By using this type of supravttal staining to study endothelial integrity and cell viability in normal rabbit and rat aortas, Bjorkerud and Bondjers 12 were able to show minute spots and larger areas of Evans blue uptake, which occurred preferentially in regions of the aorta related to branching points. They suggested that in the normal aorta, nonstained areas were covered with normal endothelial cells, while Evans blue-stained areas were covered with the endothelium containing injured and/or dead endothelial cells with an increase in cell membrane permeability, as indicated by both structural and staining properties of these endothelial cells. The results of their study indicated that the presence of injured or dead endothelial cells might be related to the enhanced endothelial permeability in local areas of the aorta where the hemodynamic pattern is complex and which are sites prone to the development of atherosclerosis. Hence, the existence of these dying or dead endothelial cells in the normal aorta may be of pathophysiological significance in atherogenesis in terms of their increased endothelial permeability.
It is generally agreed that aortic endothelial permeability to macromolecules is not homogeneous, but there are spontaneously occurring areas of enhanced permeability, which can be demarcated in vivo by their uptake of the protein-binding Evans blue dye, that is, blue areas. A number of functional and structural features, including enhanced endothelial cell turnover rates, lipid accumulation and metabolism, en face endothelial morphology, as well as ultrastructure of the intima, have been shown in these focal areas of enhanced endothelial macromolecular permeability.
8 In Hautchen preparations of the aortic endothelium with silver nitrate impregnation, Gerrity et al. 8 demonstrated that injured or dead endothelial cells occurred with a significantly greater frequency in blue (2.91%) than in white (0.71%) areas. They also observed the consistent presence in blue areas of a wide spectrum of changes suggesting endothelial cell injury or death, including mitochondrial swelling, loss of cytoplasmic organelles, and prominent vacuolatJon in cytoplasm and junctions. These observations provide further evidence in support of the notion that foci of endothelial cell Injury or death might be responsible for the local enhancement of macromolecular permeability in the aorta Focal endothelial cell injury or death may result in the development of a number of structural defects in the endothelium, including vacuolation and disruption of junctional complexes, which could function as "large pores" through which macromolecules enter the arterial wall and thus contribute to the enhanced endothelial permeability in blue areas.
The process of cell death and detachment involves several consecutive stages of change, from slight cell bulging and nuclear edema, to granulation and vacuolation of cytoplasm, cell surface nodulaton, and eventually, the ballooning and complete detachment of cells.
12 -13 By applying time-lapse video microscopy to in vitro studies on confluent cultures of bovine aortic endothelium, Hansson and Schwartz 7 were able to observe and follow the process of endothelial cell death and detachment. According to their description, Trypan blue-positive endothelial cells initially exhibited a phase of rapid intracellular movements followed by partial detachment of the cells, but this "denudation" was rapidly covered (within 30 minutes) by migration of the surrounding, viable cells. These surrounding, viable cells migrated in beneath the dead cell. The dead cell remained attached but underwent a fragmentation, resulting in the shedding of cellular debris. The final detachment of the remaining part of the dead cell was always associated with active movements of the surrounding, viable cells with little or no exposure of subendothelial structures. In vivo studies with endotoxin-induced endothelial cell injury also showed that there was massive cell death in the endothelium, which was accompanied by an increased cell replication without detectable denudation of the endothelium.
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Although no endothelial cell denudation or exposure of the subendothelium could be discernible, there must be some changes occurring in the junctions around the dying or dead endothelial cells during the process of cell death and detachment. For example, junctional complexes around the dying endothelial cells have to be disrupted before the detachment of dead endothelial cells, and new junctions have to be formed between surrounding, viable endothelial cells in recovery. Therefore, it is reasonable to postulate that during the process of cell death and replacement, junctions surrounding the dying or dead endothelial cells would be transiently leaky to provide the pathway for the entry of macromolecules into the intima. The work by Gerrity et al. 8 has provided indirect evidence in support of this assumption; they observed shorter, less complex, end-to-end endothelial cell junctions with prominent segmental dilation or vacuolation in blue areas, where injured or dead endothelial cells occurred at a significantly greater frequency and endothelial permeability was enhanced. Of course, besides the leakage through intercellular junctions, increased permeability of the cell membrane consonant with endothelial cell injury or death may provide an additional pathway for transendothelial transport of macromolecules.
Injured or dead endothelial cells have been shown to exhibit prominent accumulation in their cytoplasmic matrix of IgG, which binds to intermediate filaments via specific binding sites for the Fc part of lgG.
71B This relationship between IgG uptake and cell death has been verified by a highly significant correlation between IgG accumulation and intracellular calcium deposit, which is a characteristic phenomenon in cell death. 716 It has been suggested that IgG probably penetrates into the injured or dead endothelial cells due to leakage through plasma membrane defects. For these reasons, immunocytochemical detection of IgG in en face preparations has been regarded as a reliable and quantitative method for detecting cell death in the aortic endothelium.
In the present study in which indirect immunocytochemistry was used to stain cytoplasmic IgG, we were able to quantify the frequency of cell death in the normal rat aortic endothelium. By the concurrent determination of short-time endothelial permeability to macromolecular tracer, we found that a high percentage (63%) of FITC-or HRP-stained IgG-containing endothelial cells were located, either alone in EBA leaky spots or as clusters in larger EBA-stained areas. These IgG-positive dying or dead endothelial cells accounted for 37% of the total EBA leaky foci. Another striking finding is that most IgGcontaining dying or dead endothelial cells were clustered in the aortic endothelium, in contrast to the widely scattered M endothelial cells, which existed as isolated singlets. 23 The frequency of cell death (0.478%) was higher when compared to that of cell mitosis (0.029%) in our studies; this implies a higher estimated residence time for the dying or dead cells than M cells in the aortic endothelium. It has been suggested by Hansson and Schwartz 7 that dead cells remained in the endothelium for more than 24 hours. This was supported by in vitro studies, 7 in which the residence time of Trypan bluestained endothelial cells was 3.5 to 4 days in the non-flow culture system. In contrast, the duration of the M phase of cell replication lasts only 1 to 2 hours. 411 This difference in residence time might explain why dying or dead endothelial cells tend to form clusters and why M cells were generally observed as singlets in our studies. Furthermore, these IgG-positive endothelial cells often corresponded to larger EBA leaky foci with a lower fluorescence intensity, while M endothelial cells were more related to the discrete, smaller EBA leaky spots with a stronger fluorescence intensity. This is plausible since M endothelial cells often exist alone and the extent of opening of the junction surrounding an M endothelial cell could be greater, thus allowing a larger amount of EBA to pass through it to form a smaller but more strongly fluorescent EBA spot. On the other hand, dying or dead endothelial cells are often present in groups, and the opening of junctions around them can be rapidly covered by migration of neighboring endothelial cells; therefore, a lesser amount of EBA is transported through the junctions, leading to larger EBA leaky foci with less fluorescence intensity.
The results of the present study indicate that, in addition to M endothelial cells, dying or dead endothelial cells also contribute significantly to the local enhancement in aortic endothelial permeability. Furthermore, spontaneously occurring endothelial denudation with or without adjoining IgG-containing endothelial cells was also observed to be associated with some EBA leaky foci, which make endothelial denudation a third, smaller category responsible for the increased endothelial permeability in large arteries. The present investigation has provided further experimental evidence in support of the "cell turnover-leaky junction" hypothesis for the enhancement of transendothelial macromolecular transport and the localization of atherosclerosis.
